We synthesized bulk CsBr samples in a transparent ceramic form by spark plasma sintering (SPS) and in a single crystal form by the vertical Bridgman-Stockbarger method, and investigated their optical, scintillation and dosimeter properties. In photoluminescence, scintillation, thermally-stimulated luminescence (TSL) and optically-stimulated luminescence (OSL), the CsBr in both the material forms showed broad emission peaks at around 450 nm, the origin of which was considered to be due to oxygen impurities. The TSL and OSL properties were notably enhanced in the transparent ceramic, in particular. The dosimetric sensitivities were confirmed to be as low as 0.01 mGy using TSL but were 1 mGy using OSL for both the transparent ceramic and single crystal forms.
Introduction
Luminescent materials are used in ionizing radiation detectors, which are mainly classified into two types: scintillation detectors and dosimeters. The former type uses scintillation materials (scintillators), which function by converting energy absorbed from ionizing radiation such as X-and £-rays into low-energy photons immediately. Scintillators are widely used in practical applications such as medicine, 1) security 2) and high-energy physics.
3) The latter type, on the other hand, uses storage phosphors, which function by recording radiation doses integrated over a period of time. The dose information can be read out as an intensity of luminescence, which can be stimulated by heat (thermally-stimulated luminescence: TSL) or light (optically-stimulated luminescence: OSL). Dosimeters using storage phosphors are used for individual radiation monitoring devices 4) and imaging plates (IP).
5),6)
Dosimeter materials for individual radiation monitoring devices are required to have an effective atomic number (Z eff ) close to that of the soft tissue of the human body (Z eff = 7.29), because interactions of ionizing radiation with matter depend strongly on the material composition.
On the other hand, the effective atomic number of dosimeter materials used in IP applications is not necessarily close to that of the soft tissue of the human body, but typically high in order to increase the probability of interaction with radiation and enhance the sensitivity. One of the storage phosphors used for IP applications is CsBr:Eu 2+ . CsBr:Eu 2+ has been studied extensively 7)11) and used widely as OSL phosphors, especially owing to its distinct sensitivity. Charge trapping centers play important roles in the OSL process. In CsBr:Eu 2+ , F-centers are known to act as electron traps, while holes are captured at V K -centers located in the vicinity of Eu 2+ activators. 12) In addition, it has been reported that non-doped CsBr also shows notable OSL properties 13) as well as scintillation properties with a high time resolution. 14) So far, most studies were conducted an the bulk single crystal form 15) , 16) and an film deposited by the vacuum deposition technique, 16 ), 17) and there are no reports on non-doped CsBr in the transparent ceramic form.
Transparent ceramics have been developed in the laser field, 18)22) and they have industrial advantages such as cost effectiveness due to lower synthesis temperature in comparison with single crystals. In addition, we have previously demonstrated that some luminescence properties of transparent ceramics are improved compared with those of single crystals. 23)27) In particular, transparent ceramics produced by spark plasma sintering (SPS) show better dosimeter properties than those of single crystals 23) 25) because SPS is generally performed in a highly reductive atmosphere, which effectively generates defect centers and those enhances the dosimeter properties.
In this study, we synthesized transparent ceramics using SPS and evaluated their basic optical properties as well as their scintillation and dosimeter properties in comparison with those of CsBr single crystals prepared by the vertical Bridgman-Stockbarger method. It is known that scintillation and dosimeter properties are complementarily related in some materials, 26) 28) so investigating both the properties is important for comprehensively understanding the luminescence phenomena induced by ionizing radiation.
Experiments
A CsBr transparent ceramic was synthesized by the SPS technique using Sinter Land LabX-100 in a vacuum. Highpurity CsBr powder (>99.99%) purchased from Furutachi Chemical was introduced into a cylindrical graphite die, in which the CsBr powder (1.0 g) was held between two graphite punches. Sintering was performed such that the temperature was increased from 20 to 500°C at a rate of 45°C/min and held for 10 min while applying the pressure of 6 MPa. The temperature was measured using a Kthermocouple attached to the graphite die. After the synthesis, wide surfaces of the ceramic samples were polished by hand using sandpaper (3000 grit). A CsBr single crystal, on the other hand, was grown by the vertical BridgmanStockbarger method. The CsBr raw material used here was the same as that used for the transparent ceramics. The powder was first dried by heating at ³150°C for 1 h and at ³536°C for 2 h in a vacuum. Subsequently, the dried powder was enclosed in a vacuum-sealed quartz ampule, and the sealed ampule was set in a Bridgman furnace (VFK-1800, Crystal Systems Corp.). During the crystal growth, the heater was set to 686°C, and the ampule was translated downwards at a rate of 1 cm/h. The obtained crystal rod was cut and polished mechanically using sandpaper. The sizes of the single crystal and ceramic samples were comparable, and the following measurements were carried out in the same manner for both types of samples.
A scanning electron microscope (SEM; TM3030, Hitachi) was used to observe backscattered electron images of the ceramic surface. The PL emission and excitation map as well as quantum yields were measured using a Quantaurus-QY (C11347, Hamamatsu Photonics). The PL decay profiles monitored at 370 nm under 280 nm excitation were evaluated with a Hamamatsu Quantaurus-( C11367-04, Hamamatsu). The in-line transmittance spectra were evaluated using a spectrometer (V670, JASCO) in the spectral range from 190 to 2700 nm with 1 nm intervals. To investigate scintillation properties, X-ray-induced scintillation spectra were measured using our original setup. The radiation source was a conventional X-ray tube operated with a tube voltage and current of 40 kV and 1.2 mA, respectively. The scintillation photons were collected and then guided to a spectrometer (Andor DU-420-BU2 CCD and Shamrock 163 monochromator). The details of the setup were described previously.
29) The X-ray-induced scintillation decay and afterglow profiles were evaluated, moreover, using an afterglow characterization system equipped with a pulse X-ray tube. 30) TSL glow curves were measured using a TSL reader (TL-2000, Nanogray Inc.). 31) A sample was irradiated with X-rays of set doses prior to measurement. The heating rate was 1°C/s, and the measurement temperature range was from 50 to 350°C. To obtain a dose-response function, TSL glow curves were measured with different irradiation doses (0.01 to 100 mGy). To measure TSL spectra, the samples were irradiated with X-rays (10 Gy) and heated at a specific temperature on a ceramic heater system (SCR-SHQ-A, Sakaguchi) in order to stimulate luminescence. The luminescence signal was guided through an optical fiber to a spectrometer (QEPro, Ocean Optics) to measure the spectrum. The OSL spectrum was measured using a spectrofluorometer (FP-8600, JASCO). The stimulation wavelength was 630 nm. Figure 1 shows a photograph of CsBr single crystal and transparent ceramic samples. The thicknesses were 2.67 and 2.77 mm, respectively. It was confirmed that the stripe patterns on the back of the samples could be seen clearly through the samples.
Results and discussion

Sample
An SEM image of the ceramic sample observed on a fractured surface is illustrated in Fig. 2 . From the SEM image, the average grain size was estimated to be about 300¯m. Both samples showed a broad emission band peak at around 370 nm under excitation of around 270 nm. According to the literature, the origin of this emission is attributable to oxygen impurities. 13 ),32) CsBr raw powder is highly hygroscopic, and it is difficult to avoid H 2 O and O 2 content during the synthesis procedures. The quantum yields of the transparent ceramic and single crystal samples were 3.4 and 22.2%, respectively. Figure 4 shows PL decay profiles of the CsBr transparent ceramic and single crystal samples. The monitored emission wavelength was 370 nm, and the excitation wavelength was 280 nm, which was the shortest excitation wavelength available on the instrument. All the decay curves were well-approximated by a sum of exponential decay functions. The derived decay times are 0.16¯s (83.6%) and 0.52¯s (16.4%) for the transparent ceramic and 0.16¯s (74.5%) and 0.51¯s (25.5%) for the single crystal. Since the decay times for the transparent ceramic and single crystal agree, although the intensity ratios differ, it can be concluded that the transparent ceramic and the single crystal had the same PL emission origins. As far as we are aware, there are no reports on the PL decay time constants of emissions around 370 nm. As a tentative reference, we referred in this study to a PL decay time of CsI, since it also has a rock-salt cubic structure and is known to show PL due to oxygen impurities. 33) According to the literature, the PL decay time of CsI ranges from 1.3 to 20¯s, which is reasonably consistent with our obtained values, so the latter result also supports the assumption that the origin of the emission at around 370 nm in CsBr is due to oxygen impurities. Figure 5 shows in-line transmittance spectra of the CsBr transparent ceramic and single crystal samples before and after X-ray irradiation (³10 Gy). In the sample before X-ray irradiation, the transmittance at 450 nm of the ceramic sample was smaller than that of the single crystal sample by a factor of approximately 2. The absorption edge of CsBr was reported to be at 170 nm, 34) and the present samples did not show any absorption features over 2002500 nm, which is consistent with the previous reports. In the samples after X-ray irradiation, an absorption band was observed at around 690 nm, and it was interpreted that its origin was owing to an F-center formed by Br ion vacancies. Figure 6 shows X-ray-induced scintillation spectra of CsBr transparent ceramic and single crystal samples. Both samples showed a broad emission band in the 300600 nm range. In the spectra, the emission bands showed roughly three peaks at around 400, 450 and 500 nm. The shortest emission peak feature agrees with the peak observed in PL, and the emission origin could be assigned to oxygen impurities. In order to clarify the origins of the other peaks, we evaluated the scintillation spectra of transparent ceramic samples with and without hydration, as shown in the bottom of Fig. 6 . As a result, the intensity of the peak at 450 nm was enhanced by hydration, leading us to interpret that the origin of the peak at 450 nm is related to OH ¹ . Since the origin of the peak at around 500 nm was unclear, further investigations are required to clarify the emission origin. A comparison between the transparent ceramic and single crystal shows, moreover, that the emission intensity of the transparent ceramic sample was lower than that of the single crystal. Since ceramics are expected to include a larger quantity of defects which can act as trapping centers, the above observation suggests that the number of electrons generated by the X-ray irradiation was trapped more effectively in the transparent ceramic sample than in the single crystal sample during the process of electron transfer to the emission center for recombination. Similar phenomena have also be reported in different material systems.
Optical properties
8)
Scintillation properties
X-ray-induced scintillation decay time profiles of the CsBr transparent ceramic and single crystal samples are shown in Fig. 7 . The decay curves are well-approximated by a sum of two exponential decay functions. The derived decay time constants were 1.20 and 7.73¯s for the transparent ceramic sample and 1.91 and 12.6¯s for the single crystal sample. The origins are considered to be due to oxygen impurities based on analogy with the case of CsI.
33) The scintillation decay constants were slower than those of the PL. This can be interpreted at meaning that the scintillation mechanism involves an energy transfer process in addition to an excitation/relaxation process at the emission center, which is observed by PL.
Afterglow profiles induced by X-ray irradiation are shown in Fig. 8 . The derived afterglow levels of the transparent ceramic and single crystal samples were 0.9 and 1.8%, respectively. Here, the afterglow level (A) is defined as A(%) = 100 © (I 2 ¹ I BG )/(I 1 ¹ I BG ), where I BG is the background signal, I 1 is the averaged signal intensity during X-ray irradiation and I 2 is the signal intensity at 20 ms after irradiation of 2 ms. The afterglow level of the CsBr transparent ceramic sample is smaller than that of the single crystal sample. This observation can probably be explained by two causes. One is that defects in the ceramic act as quenching centers. In the ceramic sample, a larger number of defects is expected to be included, since the SPS synthesis was conducted in a highly reductive environment. The second is that the depth of the majority of trapping centers in the crystal sample is shallow so the trapping-and-detrapping processes are observed as a slow emission component. Figure 9 shows TSL glow curves of CsBr transparent ceramic and single crystal samples measured after X-ray irradiation. The irradiation dose was set at 100 mGy. Both the samples exhibited major glow peaks at around 125 and 220°C. No reports on the origins of glow peaks of nondoped CsBr are found. The glow peak can be related to anion defects because the intensity of the ceramic sample is much higher than that of the single crystal sample, and the transparent ceramic sample was synthesized in a highly reductive atmosphere by SPS. These results are consistent with the scintillation if we accept an assumption of complementary relationship. The inset shows the TSL dose responses of the CsBr transparent ceramic and single crystal samples. The TSL intensity represents the inte- grated value of all the glow peaks. Both samples showed good linearity from 0.01 to 100 mGy. Figure 10 shows TSL spectra of the CsBr transparent ceramic and single crystal samples at 100°C after X-ray irradiation of 10 Gy. A broad emission peak appeared around 300600 nm, and the spectral shapes were similar to those in the scintillation spectra. The intensity of the transparent ceramic sample was higher than that of the single crystal sample, which is consistent with the glow curves. Figure 11 shows OSL spectra of the CsBr transparent ceramic and single crystal samples. The stimulation wavelength was 630 nm, and the samples were irradiated with X-rays (10 Gy) prior to the measurement. The doseresponse function was obtained by measuring the OSL intensities as a function of the irradiation dose, which is shown in the inset. The samples exhibited OSL with broad emission peaking at around 390 and 450 nm. Those emission peak origins can be attributed to oxygen impurities, according to the literature.
Dosimeter properties
13) The dose responses of both samples showed good linearity from 1 to 1000 mGy. Although the sample sizes were comparable, the intensity of the transparent ceramic sample was higher than that of the single crystal sample, as in TSL. Because the transparent ceramic sample was synthesized by SPS performed in a highly reductive atmosphere, the ceramic sample generated more trapping centers, and the dosimeter properties could be enhanced. We therefore confirmed our concept of material design for both TSL and OSL, which suggests that transparent ceramics produced by SPS can show enhanced dosimeter properties.
In order to summarize our results, the emission properties, including the PL, scintillation, TSL and OSL spectra, in the CsBr transparent ceramic and single crystal samples are shown in Tables 1 and 2, respectively. The peak energies were determined by approximation of the Lorentz function. Fig. 9 . TSL glow curves of CsBr transparent ceramic and single crystal measured after 100 mGy X-ray irradiation. The inset shows TSL dose-response curves of CsBr transparent ceramic and single crystal from 0.01 to 100 mGy. Fig. 10 . TSL emission spectra of CsBr transparent ceramic and single crystal samples measured at 100°C after the samples were irradiated by X-rays (³10 Gy). 
Conclusion
We synthesized CsBr transparent ceramic by SPS and CsBr single crystal by the vertical Bridgman-Stockbarger method. Subsequently, we investigated the in optical, scintillation and dosimeter properties. In PL, both the samples showed a broad emission band peaking at around 370 nm under excitation at around 270 nm, of which the origin was attributed to oxygen impurities. Under X-ray irradiation, both the samples showed scintillation with a broad emission feature peaking at around 300600 nm. As dosimeter properties, the TSL intensity of the transparent ceramic sample was much higher than that of the single crystal sample. Both the samples showed good linearity from 0.01 to 100 mGy. In addition to TSL, the samples showed OSL with a spectrum peaking at around 450 nm under 630 nm stimulation. The OSL signal was measureable as low as 1 mGy and increased with increases in the radiation dose over 1000 mGy with good linearity.
